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Abstract. Frequency standard applications and ultra-high resolution spectroscopy of a confined single ion
require traps of drastically reduced dimensions (about or below 1 mm). These small dimensions increase the
sensitivity of the trapping behavior to imperfections in the trap geometry and to patch potentials. For the
aim of the metrological laser interrogation of a single Ca™ ion, a miniature cylindrical ring trap was built.
In order to optimize the laser cooling process and to reach strong binding conditions, the boundaries of the
stability diagram and the zones of low confinement as well as the ion motion properties were characterized.

PACS. 32.80.Pj Optical cooling of atoms; trapping — 07.75.+h Mass spectrometers

1 Introduction

In recent years the existing classic hyperbolic Paul
traps [1] used for experiments in metrology [2], atomic
physics [3] and mass spectrometry [4] are often replaced
by miniature devices [5], designed and optimized for spe-
cific applications [6-9]. Actually, for small and even non-
ideal geometry, the effective potential in the trap cen-
ter is similar to the one of an ideal Paul trap as long
as the ion excursion is very small compared to the trap
dimensions [10]. For ease of machining and alignment, a
cylindrical geometry is often chosen and has been inves-
tigated in [8]. A 1 mm-trap proves to be a versatile de-
vice since the trapping of an energetic ion cloud can be
achieved, as well as the confinement and immobilisation
of a single ion with access to low vibration-motion states.
In future mass spectrometry, analysis will be drastically
shortened by simultaneous trapping of ion clouds in var-
ious small devices, the size of each defining a particular
mass range [9]. Storing a single ion in such an environ-
ment allows to reach the strong binding condition and the
Lamb-Dicke regime. Indeed, small traps require very high
rf frequencies to reach the necessary storage parameters
and therefore imply larger frequencies of motion [11].
Nevertheless, the miniaturization of the trap electrodes
does not only have advantageous attributes. The small size
of the ion cage makes the potential sensitive to imperfec-
tions and flaws. The difference with a pure quadrupole
field causes couplings between the axial or radial com-
ponent of the motion and the rf trapping potential or be-
tween the axial and radial motion components only, which
contributes by additional frequencies in the motion spec-
trum [12]. These anharmonicities are the source of the
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so-called “black canyons” which can exist in the stability
diagram [13]. Finally, patch potentials can build up during
ion creation which will perturb the electric field. To min-
imise stray light, laser beams have to be tightly focussed
into the center of the trap and imaging has to be designed
very precisely. To benefit from all the positive aspects of
using a miniature trap, the device must then be tested
and its properties carefully investigated.

The present study comes within the project involving
the Ca™ ion for a frequency standard in the optical do-
main [14,15]. The proposed clock-transition at 729 nm
relates the 4S5 ground state and the metastable 3Ds /o
state with a natural linewidth of about 200 mHz [16,17].
One of the principal advantages of Ca™ is the potential ac-
cessibility of all the involved wavelengths by laser diodes.

The outline of the paper is the following. After describ-
ing the experimental setup in Section 2, we present the dif-
ferent methods we have employed to characterize the trap.
We report on the measurements of the frequencies of the
ion motion using an external excitation in Section 3. The
following section gives an improved quantification of
the miniature trap, that is the limits of the stability dia-
gram and non-linear couplings. Finally, the possible effects
of the radiation pressure on the motional properties of the
ions will be quantified in Section 5.

2 Experimental setup

Our trap has been designed for metrologic applications
based on the laser interrogation of a single ion. Access
to the Lamb-Dicke regime, where the first-order Doppler
broadening becomes discrete, requires strong confinement
of the ions. This can only be achieved with a high confine-
ment frequency (2/2m, involving a trap size of the order
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Fig. 1. Artist’s view of the cylindrical miniature trap showing
the different electrodes for correction of the trap potential.

of a millimeter compatible with the values of the trapping
AC voltage experimentally accessible.

For a good visualisation of the confined particles and
easy access for the laser beams, a trap geometry of the
Paul-Straubel-type [7,8,18] has been chosen. This con-
sists of a cylindrical ring with an inner diameter of 2r; =
1.4 mm and an overall height of 2z; = 0.85 mm (Fig. 1).
Two compensation electrodes are formed by flat rings with
13 mm diameter, with their inner openings of 10.5 mm
covered by a micrometric wire mesh having a transmis-
sion of 86%. These electrodes are placed at a distance of
5.5 mm from the center of the trap and screen the inner
volume of the device from electrical stray fields. Appli-
cation of a constant potential allows then compensation
of the resulting trap potential in the z-direction. Small
corrections on the confinement potential in the z- and y-
direction can be applied by two positioning electrodes ta-
pering into a point in the plane of the ring. In the course
of the described experiments all the compensation elec-
trodes were held at ground. Typical working parameters
for the rf confinement potential applied to the ring are
/27 = 11.6 MHz and Vac = 700Vims, which leads to
a potential well depth of about 9.2 eV. To reduce resid-
ual magnetic effects all the electrodes (bulk and mesh)
are made from molybdenum with the exception of the two
copper positioning electrodes. The complete trap and elec-
trodes assembly is placed in a stainless steel vacuum vessel
with an inner diameter of 10 cm. A 100 1/s ion pump can
maintain a vacuum pressure below 1 x 1071 mbar.

Tons are loaded from an atomic calcium beam evapo-
rated from a small oven and ionized inside the trap by elec-
tron bombardment. Doppler laser-cooling is carried out on
the Ca't resonance line 451 /9—4P1 /5 at 397 nm starting
at the ion creation. In absence of collisions, synchronous
repumping of the low-probability 3D3/,—4P /5 transition
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at 866 nm is necessary to maintain an efficient cooling cy-
cle. In the following work, creation parameters have been
kept constant to maintain a fixed ion number. A typical
cloud contains a few hundreds ions at a temperature of
about 300 K. This value is due to the large size of the
cloud, and represents an equilibrium between rf heating
and laser-cooling.

The laser-cooling of the trapped ions at 397 nm is car-
ried out with a commercial intracavity frequency-doubled
titanium-sapphire laser (Coherent 899-21). A single-mode
laser diode at 866 nm (SDL 5402-H1) mounted in a tra-
ditional external cavity and stabilized onto a low-finesse
(F = 200) reference cavity repumps the ions in the 4P/,
level. The two counter-propagating laser beams are re-
shaped to prepare clean and symmetric waists without
astigmatism in the trap center. The diode laser output
passes through a singlemode optical fiber. Both beams
are tightly focussed into the trap giving waist diameters
of less than 60 pm, which cross the trap under an angle
of 53 degrees with the z-axis (the observation axis). The
laser powers employed in the course of the present experi-
ment are typically about 200 pW for the cooling laser and
500 uW for the repumper.

For the detection of the ions, the fluorescence light
at 397 nm is collected by an aspheric lens mounted close
to the trap. The optics set-up outside the vessel permits
observation of the confined ions using an intensified CCD
camera (Photonic Science ISIS 4) and a photomultiplier in
the photon-counting mode (Hamamatsu H-4730). Typical
clouds of a couple of hundred ions have a diameter of about
100 pm, which is larger than the waist of the cooling laser.
Furthermore, using a sensitive camera makes it possible to
see the part of the cloud which corresponds to the fraction
of the cooling beam beyond the 1/e? limit which defines
the waist.

The experiments devoted to characterizing the quality
of ion storage, described below, were performed using two
different methods. The first consists in applying an ad-
ditional AC voltage of small amplitude (“tickle”) [19] to
one of the endcaps, the other being grounded. If the exci-
tation frequency comes into resonance with one of the ion
motion frequencies, the cloud will be heated leading to a
decrease of the observed fluorescence signal. Scanning the
tickle frequency between 0 to {2/47 enables us to visual-
ize very precisely all the frequencies of motion, including
those resulting from the Mathieu solution as well as the
ones induced by possible couplings due to additional non-
quadrupolar terms of the real potential. During the second
type of investigation, a continuous voltage Upc applied to
the connected endcaps was varied adiabatically. This ev-
idences the boundaries of the Mathieu stability diagram
and the inhomogeneities due to anharmonicities, as ob-
served previously for standard-sized traps [13,20,21]. This
last technique does not imply any external perturbation
and measures the storage capability in the absence of any
excitation.
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Fig. 2. Fluorescence at 397 nm as function of the applied
tickle frequency. The graph shows part of the frequency spec-
trum of a small Ca'-ion cloud for different values of Vac and
Upc = 0. Once the ions are in resonance with the excitation
frequency, the energy absorption leads to a sudden decrease of
the fluorescence.

3 Frequencies of motion

The frequency spectrum gives an useful estimate of the dy-
namic properties of the ion motion and also the efficiency
of the confinement in such a device. This has been in-
vestigated for different alternative potentials V¢ applied
to the ring in the case of a constant voltage Upc. The
amplitude of the tickle has been chosen to be sufficiently
large to reveal the main existing couplings without usually
loosing any ions. Figure 2 shows a spectra formed by neg-
ative peaks in the variation of the collected fluorescence.
The signal loss can reach up to 80% of the overall signal.
Indeed, at the occurrence of a mechanical resonance, the
energy deposition on the ions in resonance leads to an in-
crease of the Doppler broadening and fewer ions are in
resonance with the laser excitation. Moreover, larger tra-
jectories of hotter ions inflate the cloud size and produce
a drop in the ion density. Both effects reduce instanta-
neously the intensity of the fluorescence. While sweeping
the tickle frequency, the fluorescence signal after resonance
immediately comes back to its initial value, indicating a
persistent cooling of the cloud. We can then deduce that
the ions do not leave the laser beam during resonance.
Occasionally, the breakdown of fluorescence can also be
attributed to the effective loss of ions from the trap.

If the confining potential were purely quadrupolar the
coefficients of the Mathieu equations could be written as

a, = —2a, and gq,=—2q, (1)
with
8eUpc 4eVac
- d g = ——UAC 2
e mr ()2 anc ¢ mr? ()2 (2)

The fundamental frequencies wy , /27 are directly con-
nected to the values of the trapping frequency §2/2m,
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Fig. 3. The various observed frequencies of motion of the ion
cloud obtained from frequency spectra as shown in Figure 2.
Multiples, submultiples and couplings of the fundamental fre-
quencies are obtained with a precision higher than 99%.

through the parameters 5, . [22] by

1
wa =5 Buf? with uw=u=z,v,z. (3)
Ideally, w, = w, due to the rotational symmetry of the
trap. For ¢, < 0.4, 8, can be calculated with the so-called
adiabatic approximation [23]:

2
5u:\/au+%'

If Upc = 0, as it is the case here, 8, = 23, and then w,
and 2w, should be identical. However, this degeneracy is
not observed in the real trap.

The excitation is applied in a unipolar mode along
the z-axis (the rotational axis), and can be considered as
the sum of a dipole and a quadrupole potential. We can
expect the strongest resonance to be at w,/27. Due to the
geometry of excitation, resonances of the radial motion
wg,y are also excited through the radial-component of the
excitation potential.

Figure 2 shows the linear resonances w, and w, as
well as their multiples and sub-multiples (parametric res-
onances [24]). The observation of these additional frequen-
cies besides the fundamental ones is the signature of the
micro/macromotion coupling due to the non-ideal shape
of the trap. All the observed frequencies are reported in
Figure 3. The frequency combination w,/2 + w,, which
gives evidence of the coupling between the radial and ax-
ial motion component, as in [21], is also found. Indeed,
for a trap of cylindrical shape, the fields and equations of
ion motion depend on z,y and z [25], contrary to the case
of an ideal Paul trap where the axial and radial motion
are uncoupled. Moreover, the cooling laser-beam which

(4)
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crosses the trap diagonally couples the different degrees
of freedom.

The potential of the described device is similar to that
of an ideal Paul trap only in the center area of the ring.
Hence, in order to produce the same potential well depth
as in the ideal Paul trap, the voltages applied to the cylin-
drical miniature trap have to be higher. In order to keep
the definition of the parameters of stability, a and ¢, of
the Paul-Straubel trap compatible with the “traditional”
case, a correction factor £ must be introduced in the re-
lations (2) [8]:

4 - 8etbc o
S omri2L 9= =

de

Al )
mrs

Experimental and theoretical studies have shown that for
the “standard” Paul ion trap the maximum cloud size can
be found at working parameters around ¢, = 0.55 and a,
= —0.03 [26-28]. Taking into account these values in the
measurements of the amplitude of fluorescence as a func-
tion of the applied V¢ allows us to make a first estimation
of the correction factor of our trap to be £L =6.8£0.5. A
more precise technique for calculating this correction fac-
tor for a given working point, consists in measuring the
fundamental frequencies of the ion motion. With equa-
tion (5) it is actually possible to estimate £ using the
adiabatic approximation along the g,-axis of the stability
diagram where Upc = 0.

The correction factor £ was evaluated from the mea-
sured values of w, and w,. In order to explain the obser-
vations mentioned above, it appears necessary to define a
correction factor for each direction. Equations (1) have to
be replaced by [8]

a L, =—2a,L, and q.L,=—2¢L;. (6)
These correction factors take into account the different
causes of deviations from the ideal case. The main con-
tribution for £ is the loss of trapping efficiency of the
cylindrical trap compared to an ideal Paul trap due to
the discrepancy between the presented geometry and the
quadrupolar one. In fact, the geometric defects are not
identical in the radial and axial direction, the trapping ef-
ficiency is therefore modified in a different way for z and
z. In our experiment, patch potential effects may build
up over time mainly on the ring electrode. This would
lead to a distortion in the symmetry of revolution of the
confinement potential. The effect on the loss factor would
then concern a possible difference between the x and y-
directions. An effect of the patch potential should show
a (slight) evolution in the course of time. The presented
measurements have been carried out over a period of a
couple of weeks without showing any modification caused
by the build-up of a contact potential.

The larger the cloud is, the further away from its center
are the ions and therefore the values of £, and L, are
subject to variation. It has been observed experimentally,
that for rf potentials increasing from 580 to 790V s, L.
decreases from 8.0 to 7.6, whereas £, increases very slowly
from 7.0 to 7.1. For a very high rf potential, the well depth
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increases and the two correction factors should become
even closer since the ion cloud is concentrated in the center
of the trap, where the potential shape is less sensitive to
deviations from the quadrupole case.

4 Characterization of the stability diagram

Theoretical and experimental studies have shown that the
stability diagram and the frequencies of motion of an ion
cloud in a trap of cylindrical geometry can be calculated
in a similar way to its hyperbolic counterpart with iden-
tical dimensions 79 and zq [25,29]. In fact, while changing
from the hyperboloidal geometry to a cylindrical one, the
limits of the Mathieu stability diagram tend to smaller
a, g-values while the influence of space charge shifts the
diagram to higher values. In order to define the effective
boundaries of the stability diagram the following experi-
mental procedure was run. In the first step, an ion cloud
(~ 500 ions) is created at an rf voltage Vac with a zero
potential Upc applied to the endcaps. Then, a positive (or
negative) potential Upc is applied to the endcaps (which
is equivalent to the application of —Upc on the ring) and
is slowly increased from 0 to £150 V. During this scan,
the overall fluorescence of the ion cloud is recorded. The
boundaries of the stability diagram are clearly illustrated
by the disappearance of any fluorescence signal due to the
complete loss of the ions. A new cloud must be created for
each scan and this is always done at Upc = 0. These mea-
surements have been carried out for Vac varying between
500 and 1000V ms-

For a clear visualisation, we need to draw the effec-
tive iso-( lines and thus to calculate £, and .. Using the
correction factor £, ,, equations (5) transform the mea-
sured boundaries from (Upc, Vac) coordinates into (a.,
q.) coordinates (see Fig. 4). We have used the mean val-
ues of Section 3, £, = 7.8 £0.2 and £, = 7.05 £ 0.05.
This is more accurate than to use an average value shared
by the two directions; a common value plainly could not
reflect the real behaviour of the potential. In our ex-
periment, Upc = 150 V corresponds to a, = 0.14 and
Vac = 1000V, s leads to ¢, = 0.66.

The resulting measured limits of the stability diagram
reproduce the form of the theoretical stability region, ex-
cept for its right-hand side boundary, theoretically defined
by 8. = 1 (see Fig. 4). We observed that no ion cloud
could survive the crossing of this right-hand-side border.
Furthermore, all attempts to create and to trap ions on
the other side of this border (1000Vims < Vac < 1400Vips
and Upc = 0) failed. We thus considered this right-hand
side boundary to be the real limit of the stability dia-
gram of the trap. A similar reduction of the surface of the
stability diagram compared to the ideal Paul-trap shape
has been predicted by Benilan et al. [25]. In a theoretical
study, they have found that the limits of the stability dia-
gram of a cylindrical trap are shifted to smaller values of
q» when the dimensions z; and r; approach each other. In
this case, the 3, = 1 limit crosses the ¢,-axis at g, = 0.65
for 7 = 21 (instead of g, = 0.908 for an ideal Paul trap).
Yet, a more precise analysis of the experimental stability
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Fig. 4. Limits of the stability diagram as observed from the
fluorescence of a small Ca™-ion cloud as compared to the sta-
bility diagram of an ideal Paul trap (solid lines). The observed
right-hand-side limit corresponds to a 3. = 1/2 canyon, no ion
could be confined beyond this boundary.

diagram taking into account the w, measurements shows
that the observed right-hand side border actually corre-
sponds to a 8, = 1/2 canyon. The non-linear resonances
occurring along this line are so strong that no ions can stay
in the trap. Moreover, on the high-¢g, side of the 5, = 1/2
canyon, a multitude of very close lying canyons can ex-
ist [12,30].

Another characterization of the ion cloud consists in
locating its motional resonances in a (Vac, Upc) diagram
visualized by the absences in the fluorescence signal for
given combinations of (Vac,Upc)-values. A good knowl-
edge of the position of these canyons is very important in
order to select the best trapping parameters. We record
the fluorescence emitted by the cloud at fixed values of
the rf potential Vac, while slowly scanning the potential
Upc from 0 to 150 V. For neighbouring Vac values, a
given non-linear resonance can be tracked in the stability
diagram as shown in Figure 5. We may thus visualize a
canyon in the stability diagram, characterized by a con-
stant rational 3, or (3, value or a combination of them.
The assignment of the “effective” 3, or §,-values (using
L, and L) gives a projection of the inner shape of the
stability diagram. In Figure 6 the identified canyons with
their assignments are plotted. We could isolate four ratio-
nal iso-(, and three rational iso-3, canyons. Most of these
canyons can be assigned with a precision better than 4%.
The assignment of the canyons 3, = 2/9 and 3, = 1/6 can
only be made to the 7%-level. In Figure 6 these canyons
can also be seen to have a slightly deviated direction. Fi-
nally, the 8, = 1/3 canyon is found with a 10%-precision,
in fact these resonances have been observed to be large.
The assignment has also been confirmed by consideration
of the inter-canyon distance. All these canyons prove the
existence of couplings between the macromotion along the
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Fig. 5. Cross-section of the stability diagram for different val-
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Fig. 6. “Black canyons” in a part of the stability diagram.
Points of low confinement coincide with lines of constant ra-
tional (B, or (3. indicating a coupling of the macro- and the
micromotion. The lines are a guide to the eye, and indicate
points of identical B-value. (O) and (e) stand for iso-3. and
Bz-canyons respectively. The measured limits of the stability
diagram are visualized by (4), for clarity the error bars on
these values have been omitted in this graph. A few strong
resonances (indicated by x) could not be assigned with a com-
mon (-value at the 5%-level.
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axial and the radial directions with the rf pulsation [12].
One of the resonances we observe (3, = 2/5) presents a
doubling of its structure. This kind of doubling could be
explained by a defect of the axial symmetry of the trap.
The canyons observed and assigned inside the stability re-
gion are consistent with the previous assignation of the
B, = 1/2 canyon. The present experimental stability dia-
gram shows that, for the characterization of such a device
as the miniature trap, the stability diagram boundaries
alone, do not provide enough reliable information.

5 Evaluation of the effects of the radiation
pressure

The possibility of measuring a shift of the motion frequen-
cies with high precision can show evidence even for very
small effects as, for example, the influence of a friction
force —pv (with p the damping factor, and v the veloc-
ity of the ions) on the shape of the stability diagram, as
calculated by Winter and Ortjohann [31] for macroscopic
particles in an air flow. These authors have shown that
the stability diagram can be modified a lot by a friction
force as soon as the ratio 2p/mJ2 (m the mass of the ion)
reaches values close to one. Furthermore, numerical simu-
lations concerning ions have suggested that 2p/m{2 must
become of the order of 1 to produce a non-negligible dis-
tortion of the stability diagramm [33].

The radiation pressure force has been studied in many
articles for cooling of free neutral atoms as well as trapped
ions. As the natural frequency width I'/27 of the transi-
tion involved in the cooling (23 MHz) is larger than the
frequencies of micro- and macromotion 2/27, w, /27 and
wy /27 (11.6 MHz, 1.5 MHz and 0.75 MHz, resp.), the
absorption and emission of photons by the trapped ions
are the same as for free atoms [11]. We can then use the
general expression of the radiation pressure force in a trav-
elling wave along the direction of the laser propagation,
as in [32]:

F=Fy—pv (1)
with the constant force
I S0
Fy = hk—
b=y ®)
so+ 1+ T

where k is the wave-vector of the 397 nm cooling laser, A
the detuning between the laser frequency and the atomic
transition frequency, sq is the saturation parameter in res-
onance, and the damping factor p is defined by:

4s0(A/T)

s +1+(%)2
0 I

p=—hk? 2 (9)

and is positive for red detuned light, as in our experiment.
The friction force —pv may distort the ion dynamics
and the stability diagram by introducing a damping term
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in the motion of the ion. The perturbations induced are
largest when the damping coefficient p reaches its maxi-
mum value ppax = hk?/4 for A = —I"/2 and sq = 2 [32].
The maximal damping can not be increased as it depends
only on the transition wavelength. In our case the max-
imum value ppax that can be reached is 6 x 1021 kg/s
and then 2p/mJ{2 can never be greater than 2.6 x 1073
which is much smaller than one. In our experiment, the
detuning A was of the order of 5" and s varied roughly
between 0.01 and 5 (corresponding to variation of the
laser-cooling power between 8 pW and 900 pW). For even
larger values of the detuning and of the saturation pa-
rameter, the damping coefficient tends toward zero and
no friction force occurs. We checked the radiation pres-
sure influence on the observed mechanical resonances by
looking at the frequency spectra. Once the cooling transi-
tion 4S; /5—4P1 /5 is no longer saturated (for laser power
values below 200 W) we can observe that the width of
the resonances increases while the cloud becomes hotter.
There is no detectable shift in the w-values. Therefore we
cannot expect any significant modification of the stability
diagram, whatever the laser cooling power. An influence of
the friction force would be detectable in other experiments
using lighter ions and lower trapping frequencies.

Furthermore, the radiation pressure force could have
another effect on the dynamics of the cloud. Besides a
damping component, this force also has a constant term
Fy (see Eq. (7)) which has the same effect as a constant
and uniform electric field: it shifts the mean position of
an ion in the rf trap along the laser beam propagation
direction [34]. As the laser beam has non-zero projections
on the z-axis and on the radial plane (along a direction
we call X7,), the mean position of an ion is shifted in these
two directions by the amounts

j2 F,
AZ =" and AXp= -2 (10)
mw? w2

where m is the mass of a calcium ion. The upper limit
of the force Fy is given by hkI'/2. This maximum value
causes a translational shift of the ions of about 10 nm in
both directions and will not modify here the dynamics of
the cloud in the trap.

6 Conclusion

In this paper we have reported on the construction and
the implementation of a miniature cylindrical ion cage. In
order to work under metrologic conditions, it is imperative
to characterize the trap boundaries in a precise way to be
able to make a sound choice of the working parameters.
The trapping characteristics were explored by confining
a laser-cooled Ca™-ion cloud and observing its properties.
We infer that the measurement of the limits of the stability
diagram alone do not provide sufficient information. The
measurements of the motional resonances of the cloud and
the pursuit of their evolution throughout the stability di-
agram have been corroborated by a method detecting the
non-linear resonances in the trap. In particular, the actual
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B.-boundary value of 1/2 instead of 1 is a signature of the
considerable inhomogeneity of the first zone of the stabil-
ity diagram in the capability to confine. The correction
factors, £, and L, are found to be different, due to the
asymmetric distortion of the miniature trap geometry. In
the final step, we have evaluated the order of magnitude
for the influence of the radiation pressure force on the ion
dynamics and on their positions in the trap. For the Ca™
ions, these values lie below the spectral as well as the spa-
tial limit of the detection. The present characterization of
the miniature trap contributes to the catalogue of small
geometries for new mass spectrometry and will enable us
in the close future to choose the optimal working condi-
tions to capture one single Ca™ ion and to put it in the
quasi zero-field area of the trap.
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